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How phosphoinositide metabolism is coupled to primary cilia physiology is poorly understood. Reporting
recently inDevelopmental Cell, Cha´vez et al. (2015) and Garcia-Gonzalo et al. (2015) show that INPP5E-medi-
ated phosphoinositide metabolism, which creates a specific phosphoinositide distribution, ensures proper
protein trafficking and Hh signaling in primary cilia.Phosphoinositides are a class of mem-
brane phospholipids that control a wide
range of biological processes (Balla,
2013). Their inositol head groups, which
are exposed to the cytosol, are reversibly
phosphorylated or dephosphorylated at
D3, D4, or D5 position by inositol kinases
or phosphatases to generate seven
distinct phosphoinositides. These phos-
phoinositides are unevenly distributed to
different cellular membranes (Figure 1A).
Because each phosphoinositide has its
own set of specific binding proteins (i.e.,
effector proteins), their distribution serves
as a membrane code to spatially and
temporally control numerous cellular pro-
cesses (Di Paolo and De Camilli, 2006).
This phosphoinositide membrane code
also gives an identity to cellular mem-
branes or structures, including the pri-
mary cilium.
The primary cilium is a structure pro-
truding from the plasmamembrane (Goetz
and Anderson, 2010) that functions as
antennae to sense a variety of signals
such as light, chemicals, or forces. Pri-
mary cilia also transduce signals including
Hedgehog (Hh) signals, an important cue
for multiple developmental processes.
Thus, primary cilia represent specialized
places where external cues are translated
and transduced into the cell. From a
structural point of view, the ciliary mem-
brane is physically connected with the
plasma membrane. Although some pro-
teins, such as regulators of Hh signaling,
are known to be concentrated in primary
cilia, much less is known about the dis-
tribution of lipid species. Obvious ques-
tions were whether and how membrane
lipid composition is different between the
plasma membrane and primary cilia, and
how those differences may impact on
cilia physiology. Two papers recently pub-lished (Cha´vezet al., 2015) and in this issue
(Garcia-Gonzalo et al., 2015) of Develop-
mental Cell now shed light on the lipid
composition of primary cilia and the role
it plays in ciliary function. The studies
show that the major phosphoinositide of
the primary cilia membrane is phosphati-
dylinositol 4-phosphate (PI4P), whereas
phosphatidylinositol 4,5 bis-phosphate
(PI(4,5)P2) is limited to the ciliary base.
INPP5E, a cilia-localized inositol 5-phos-
phatase whose malfunction leads to cilio-
pathies, controls this phosphoinositide
compartmentalization, which in turn en-
sures proper protein trafficking and Hh
signaling at primary cilia.
INPP5E is an inositol 5-phosphatase
whose main substrates are PI(4,5)P2
and phosphatidylinositol 3,4,5 tri-phos-
phate (Conduit et al., 2012). Previous
work found that loss of INPP5E function
in mice resulted in malformation and
malfunction of primary cilia. Mutations
have also been identified in the human
INPP5E gene that are responsible for
ciliopathies such as Joubert or MORM
syndrome (Hildebrandt et al., 2011),
demonstrating a direct functional link
between INPP5E and primary cilia (Ja-
coby et al., 2009; Bielas et al., 2009).
Additional evidence that other 5-phos-
phatases such as OCRL and INPP5B,
both of which share similar substrate
specificity with INPP5E, can be localized
at primary cilia also helped researchers
to hypothesize that inositol 5-phospha-
tase activity might play an important
role at primary cilia (Conduit et al.,
2012). However, mechanistic insights
into how INPP5E (or other 5-phospha-
tases) controls cilia physiology have re-
mained elusive.
To explore ciliar lipids, Cha´vez et al.
(2015) tested whether the primary ciliaDevelopmental Cell 34membrane in neuronal stem cells contains
PI(4,5)P2 by immunofluorescence staining
with an anti-PI(4,5)P2 antibody. Although
PI(4,5)P2 signals in primary cilia of wild-
type neuronal stem cells were not de-
tected, substantial amounts of PI(4,5)P2
signals were detected in primary cilia of
INPP5E knockout (KO) neuronal stem
cells. Conversely, PI4P, the product of
the enzymatic action of INPP5E, was
detected along with primary cilia from
control mice, whereas it is absent in pri-
mary cilia from KO mice. These results
demonstrate that the primary cilia mem-
brane contains PI4P in its normal state,
and PI(4,5)P2 accumulates once INPP5E
is lost (Figure 1B).
The same conclusion was made by
Garcia-Gonzalo et al. (2015), with a
slightly different approach. In an attempt
to identify the phosphoinositides on the
primary cilia membrane, Garcia-Gonzalo
et al. (2015) expressed in cultured cells
genetically encoded markers known to
bind specific phosphoinositides. They
found that a marker for PI4P (EGFP-
2xP4MSidM) localized almost entirely at
primary cilia, whereas a PI(4,5)P2 marker
(EYFP-PHPLCd1) was limited to the ciliary
base. This compartmentalization is lost
upon INPP5E depletion: PI4P disap-
peared and PI(4,5)P2 extended along the
primary cilia of INPP5E KOmouse embry-
onic fibroblasts (MEFs). Expression of
a 5-phosphatase module as a part of
chimeric serotonin receptor in primary
cilia of INPP5E KO MEFs restored the
normal levels of PI(4,5)P2, further demon-
strating that an increase in PI(4,5)P2 levels
in the INPP5E KO primary cilia is due
to loss of a 5-phosphatase activity. These
data clearly support the notion that
INPP5E keeps the PI(4,5)P2 levels low in
primary cilia., August 24, 2015 ª2015 Elsevier Inc. 379
Figure 1. Phosphoinositide Regulation at Distinct Cellular Membranes
(A) Phosphoinositides known to localize at distinct cellular membranes are depicted. Note that both PI4P
and PI(4,5)P2 are concentrated throughout the plasmamembrane. (B) Model for regulation of Hh signaling
proteins by phosphoinositide metabolism at primary cilia. Normally, INPP5E keeps PI(4,5)P2 levels low or
at a minimum to tightly control the trafficking of Hh proteins at primary cilia (left). In INPP5E-deficient pri-
mary cilia, a PI(4,5)P2-effector Tulp3 and its binding partners Gpr161 and IFT-A accumulate upon PI(4,5)P2
buildup, leading to impairment of Hh signaling (right). See text for details.
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these observations of lipid distribution?
The authors of both studies uncovered
the accumulation of Gpr161, a recently
identified negative regulator of Hh sig-
naling (Mukhopadhyay et al., 2013), in pri-
mary cilia lacking INPP5E. An increase in
the number of primary cilia positive for
Gpr161 was also observed by Cha´vez
et al. (2015). Localization of Gpr161 at pri-
mary cilia has been shown to be mediated
by the protein Tulp3 and the intraflagellar
transport A (IFT-A) complex (Mukhopad-
hyay et al., 2013). Tulp3 is a member of
Tubby family proteins that binds to PI(4,5)
P2. Thus, this protein could be the key
mediator responsible for the Gpr161 accu-
mulation. In fact, both studies demon-
strated that Tulp3, as well as IFT-A, accu-
mulated in primary cilia lacking INPP5E.
They also demonstrated that expression
of wild-type INPP5E reduced the accumu-
lation of Tulp3, whereas phosphatase-
dead INPP5E did not. Furthermore, Gar-
cia-Gonzalo et al. (2015) showed that
forced production of PI(4,5)P2 by targeting
a chimeric serotonin receptor containing
the kinase domain of a PI(4)P 5-kinase is
enough to induce accumulation of Tulp3
in wild-type primary cilia. Therefore, in
INPP5E-deficient primary cilia, PI(4,5)P2380 Developmental Cell 34, August 24, 2015buildup leads to an increased localization
of Gpr161 due to the accumulation of
Tulp3-IFT-A (Figure 1B).
As expected, INPP5E-deficient cells,
whether MEFs (in Garcia-Gonzalo et al.
[2015]) or neuronal stem cells (in Cha´vez
et al. [2015]), showed a decreased res-
ponse to SAG, a Shh agonist. In INPP5E
KO MEFs, mRNA levels of Gli1 and
Ptch1, two target genes for Hh signals,
are lower after SAG stimulation. This is
likely due to accumulation of Tulp3-
Gpr161, as knockdown of Tulp3 somehow
rescues the response. Taken together,
these studies demonstrate that INPP5E-
mediated phosphoinositide metabolism
regulates protein trafficking and Hh sig-
naling in primary cilia.
A growing bodyof evidence clearly high-
lights the critical regulatory roles of phos-
phoinositides in cell physiology, including
the control of signaling and membrane
dynamics/trafficking. As the connection
between malfunctions of the phosphoino-
sitide metabolism and various human dis-
eases becomes progressively evident, a
comprehensive understanding of the role
of phosphoinositides in such processes is
increasingly important. These two studies
from Cha´vez et al. (2015) and Garcia-Gon-
zalo et al. (2015) underscore the physiolog-ª2015 Elsevier Inc.ical importance of the phosphoinositide
metabolism at a specialized place, the
primary cilium. These studies also estab-
lished a role for INPP5E at primary cilia as
a gatekeeper that prevents accumulation
of PI(4,5)P2. By doing so, INPP5E con-
tinues to produce PI4P, which now can
be considered to be the major phosphoi-
nositide identifier of primary cilia. Consid-
ering the physical continuity of the primary
ciliamembrane to theplasmamembrane, it
is interesting to note that PI4P also confers
membrane identity to the plasma mem-
brane (reviewed in Balla, 2013). However,
it appears that lipids cannot freely travel
between the plasmamembrane and ciliary
membrane. Therefore, how other phos-
phoinositides such as PI, PI4P, or PI(4,5)
P2, as well as other lipids, are supplied,
produced, or degraded at primary cilia re-
mains an interesting question to be solved.
These answers will help us understand
how lipid dynamics, protein trafficking,
and signaling are coordinated to control
primary cilia function.REFERENCES
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